patients and non-COPD (ex-)smokers that were stimulated with nontypeable Haemophilus influenzae (NTHi). In addition, the effect of cigarette smoke on AMP expression and the activation of signaling pathways was determined. COPD cell cultures displayed reduced antibacterial activity, whereas smoke exposure suppressed the NTHi-induced expression of AMPs and further increased IL-8 expression in COPD and non-COPD cultures. Moreover, smoke exposure impaired NTHiinduced activation of NF-κB, but not MAP-kinase signaling. Our findings demonstrate that the antibacterial activity of cultured airway epithelial cells induced by acute bacterial exposure was reduced in COPD and suppressed by cigarette smoke, whereas inflammatory responses persisted. These findings help to explain the imbalance between protective antibacterial and destructive inflammatory innate immune responses in COPD. It has been proposed that a decrease in antibacterial lung defense contributes to an increased susceptibility to microbial infection in smokers and patients with chronic obstructive pulmonary disease (COPD). However, whether reduced AMP expression in the epithelium contributes to this lower defense is largely unknown. We investigated the bacterial killing activity and expression of AMPs by air-liquid interface-cultured primary bronchial epithelial cells from COPD
patients and non-COPD (ex-)smokers that were stimulated with nontypeable Haemophilus influenzae (NTHi). In addition, the effect of cigarette smoke on AMP expression and the activation of signaling pathways was determined. COPD cell cultures displayed reduced antibacterial activity, whereas smoke exposure suppressed the NTHi-induced expression of AMPs and further increased IL-8 expression in COPD and non-COPD cultures. Moreover, smoke exposure impaired NTHiinduced activation of NF-κB, but not MAP-kinase signaling. Our findings demonstrate that the antibacterial activity of cultured airway epithelial cells induced by acute bacterial exposure was reduced in COPD and suppressed by cigarette smoke, whereas inflammatory responses persisted. These findings help to explain the imbalance between protective antibacterial and destructive inflammatory innate immune responses in COPD.
Introduction
Chronic obstructive pulmonary disease (COPD) is a severe inflammatory lung disorder in which colonization and infections with opportunistic respiratory bacteria are a major disease hallmark [1] . It is hypothesized that a vicious circle of attenuated antibacterial lung defense, enhanced bacterial colonization, and the induction of lung inflammation and injury contribute to the disease [2] . However, the underlying mechanisms remain incompletely understood.
Smoking is the main risk factor for COPD development, and is furthermore associated with an increased susceptibility to respiratory infections [3] . Despite the strong association, only a subpopulation of approximately 15-20% of smokers develop the disease. This suggests that there are differences between susceptible smokers and smokers with a normal lung function that may help to explain disease etiology. These differences may persist in cell culture [4, 5] ; for this reason, comparison of cell cultures from COPD patients and non-COPD smokers may reveal differences in host defense activities that may help to explain the increased microbial susceptibility.
Airway epithelial cells contribute to innate lung defense by displaying direct antibacterial activity, which is mediated in part by the production of antimicrobial proteins and peptides (AMPs) [6, 7] . In addition to AMPs that are expressed on a steady-state basis, others are induced for example upon the recognition of microbes or microbial structures by pattern recognition receptors. This response is highly similar amongst species, and murine models have shown that the inducible antibacterial activity of airway epithelial cells provides full protection against various pathogenic microbes without further involvement of immune cells [8] . Impairment of this induced activity in COPD might therefore contribute to the increased susceptibility to infection with respiratory pathogens.
Observational studies in lung tissue, airway secretions, and tracheal washings have shown that the expression of several AMPs is reduced in smokers and patients with COPD, including the microbial-induced antimicrobial peptide human β-defensin-2 (hBD-2) [9] [10] [11] [12] . Moreover, it has been demonstrated that cigarette smoke (CS) exposure attenuated the antibacterial activity and microbialinduced expression of hBD-2 in cultured airway epithelial cells [12] [13] [14] . This suggests that the inducible antibacterial activity is affected in airway epithelial cells from smokers and COPD patients. However, it is unclear whether this activity differs between airway epithelial cells from non-COPD smokers and COPD patients. Interestingly, microbial-induced expression of the proinflammatory mediator IL-8 is not reduced by CS [14, 15] . Conflicting to this, cellular signal transduction pathways regulating the expression of AMPs and proinflammatory mediators largely overlap [16, 17] , and it is unknown whether imbalances in these signaling pathways reflect the alterations in AMP and proinflammatory mediator expression.
To gain greater insight into the role of the inducible antibacterial defense function of airway epithelial cells in COPD, we examined the antibacterial activity and expression of AMPs following acute bacterial exposure of cultured airway epithelial cells from mild-to-moderate COPD patients and (ex-)smokers with a normal lung function (non-COPD). To understand the mechanism underling reduced AMP expression, we determined the effect of CS on the microbial-induced expression of AMPs, and the regulation of cellular signal transduction pathways.
Materials and Methods

Primary Bronchial Epithelial Cell Cultures and Stimuli
Primary bronchial epithelial cells (PBEC) were isolated from tumor-free resected lung tissue and cultured in an air-liquid interface model (further referred to as ALI-PBEC) to obtain mucociliary-differentiated cultures, essentially as previously described [14, 18] . PBEC cultures were used from a total of 28 patients, all undergoing lung resection surgery for lung cancer. Clinical histories and lung function data were obtained from anonymized patients. Disease status was determined based on lung function according to the Global Initiative for Chronic Obstructive Lung Disease classification [19] . The patients included 15 COPD and 13 non-COPD subjects (see Tables 1 and 2 for indicated experiments). Both groups included current smokers and ex-smokers. Nontypeable Haemophilus influenzae (NTHi) strain D1 [20] was cultured and ultraviolet (UV) inactivated as described earlier [14] . UV-inactivated NTHi was applied to the apical surface of ALI-PBEC in a volume of 100 μL; PBS was used for dilutions and as a negative control. ALI-PBEC were exposed to mainstream CS from 3R4F reference cigarettes (University of Kentucky, Lexington, KY, USA) using a previously described exposure model [14, 15] . In brief, epithelial cultures were placed in room air (AIR; control) or CS exposure chambers, localized in a tissue incubator at 37 ° C and 5% CO 2 . In these exposure chambers, ALI-PBEC were respectively exposed to AIR or CS from 1 cigarette (approximately 2 mg of CS particles), which was infused by a mechanical pump with a continuous flow of 1 L/min for a period of 4-5 min. Residual CS was removed by flushing the chamber with air derived from the incubator for 10 min. After exposure, cells were stimulated at the apical surface with UV-inactivated NTHi or PBS (negative control).
Bacterial Killing Assay
The bacterial killing assay was adapted from Pezzulo et al. [21] . Instead of golden grids, bacteria were linked to glass coverslips. Six-millimeter-round coverslips were rinsed in ethanol, dried at room temperature, and subsequently silanized with 2% (v/v) CFU/mL (OD 600 ) of log phase growth cultured NTHi was incubated in 0.88 mg/mL of N-hydroxysulfosuccinimide-biotin (sulfo-NHS-biotin; Thermo Scientific) for 30 min on ice. Next, biotinlabeled NTHi was linked to the surface of the streptavidin-coated glass coverslips in PBS for 30 min and subsequently washed twice in PBS and finally in 0.01 M of phosphate buffer pH 7.4, to remove the unbound bacteria. The bacterial killing activity was determined of ALI-PBEC that were prestimulated with UV-inactivated NTHi or PBS (untreated control), which was applied at the apical surface. After 6 h of incubation, cultures were washed with PBS and incubated for 48 h. Afterwards, NTHi-coated coverslips were placed on the apical surface of ALI-PBEC for 1 min. The coverslips were subsequently stained for 30 s with SYTO 9 and propidium iodide (both Life Technologies, Darmstadt, Germany), to visualize the live and dead bacteria, respectively. The coverslips were mounted on microscopic slides and covered in Baclight mounting oil (Life Technologies). Digital images were made with a Zeiss Axio Scope A1 fluorescent microscope and Zeiss Axiocam mRc 5 camera (Carl Zeiss Microscopy, Göttingen, Germany). The number of live and dead bacteria was analyzed using Image J software (National Institutes of Health, Bethesda, MD, USA). The bacterial killing activity was determined by calculating the percentage of dead bacteria.
Microarray Gene Expression Analysis
Primary bronchial epithelial cells from 6 different donors were cultured in submerged conditions as previously described [14] . Cells were left unstimulated or triggered with UV-killed NTHi. RNA from these cultures were then isolated at 2 timepoints, early (6 h) and late (24 h), and subsequently subject to whole genome profiling of gene expression by microarray (Affymetrix GeneTitan platform).
Quantitative Real-Time PCR RNA was isolated from ALI-PBEC using the miRNeasy Mini Kit (Qiagen, Venlo, The Netherlands) according to the manufacturer's protocol. RNA quantities were determined using the Nanodrop ND-1000 UV-visible (UV-Vis) spectrophotometer (Nanodrop Technologies, Wilmington, DE, USA) and cDNA was synthesized by reverse transcription PCR of 1 μg of RNA, using oligo-dT primers (Qiagen) and Moloney murine leukemia virus polymerase (Promega, Leiden, The Netherlands). Quantitative real-time PCR (qPCR) was conducted using IQ SYBR green supermix (Bio-Rad) and a CFX-384 real-time PCR detection system (Bio-Rad). qPCR reactions were performed using the primers shown in Table 3 . The housekeeping genes RPL13A and ATP5B were selected using the "Genorm method" (Genorm; Primer Design, Southampton, UK). Bio-Rad CFX manager 3.0 software (BioRad) was used to calculate the arbitrary gene expression using the standard curve method.
ELISA
Secretion of innate immune mediators by ALI-PBEC was determined in the apical surface liquid, collected by washing the apical surface with 100 μL of PBS for 15 min, and in the basal medium as indicated. The secretion of IL-8 (Sanquin, Amsterdam, The Netherlands) and CCL20 (R&D, Minneapolis, MN, USA) was determined by ELISA following the manufacturer's protocol. Reagent for hBD-2 detection was a generous gift from D. Proud (Calgary, AB, Canada), and the hBD-2 ELISA was conducted as previously described [22] . The optical density values were measured with a microplate reader (Bio-Rad).
Transepithelial Electrical Resistance
The epithelial barrier integrity of ALI-PBEC cultures was determined by measuring the transepithelial electrical resistance (TEER) using the MilliCell-ERS (Millipore, Bedford, MA, USA). 362 hibitor cocktail (Roche, Basel, Switzerland). Samples were subsequently mixed with sample buffer, consisting of 0.5 M of Tris pH 6.8, 10% SDS (w/v), 20% glycerol (v/v), 0.02% bromophenol blue, and 50 m M of DTT. Nuclear fractions were isolated using the NE-PER Nuclear Protein Extraction Kit (Thermo Scientific, Rockford, IL, USA) according to the manufacturer's protocol. Protein samples were separated by SDS-PAGE gel electrophoresis on 10% glycine-based gels and transferred to polyvinylidene difluoride membranes. Membranes were blocked in 5% (w/v) skimmed milk (Sigma-Aldrich) in PBS/0.05% (v/v) Tween-20 and stained with primary antibodies in 5% (w/v) BSA PBS/0.05% (v/v) Tween-20 overnight at 4 ° C. Antibodies were used to detect p-IKKα/β, IKKβ, IκB-α, p-and t-ERK1/2, p-and t-p38, TBP (all Cell Signaling, Beverly, MA, USA), p50, p65 (both Santa Cruz Biotechnology, Santa Cruz, CA, USA), and β-actin (Leica). Next, membranes were stained with secondary HRP-labeled antibody (Sigma-Aldrich) in 5% (w/v) skimmed milk (Sigma-Aldrich) in PBS/0.05% (v/v) Tween-20 for 1 h. Afterwards, membranes were developed with enhanced chemiluminescence substrate (Thermo Scientific). The intensity of bands were quantified by densitometry using Image J software (National Institutes of Health, Bethesda, MD, USA).
Western Blot
Immunofluorescence Confocal Microscopy ALI-PBEC were fixed in 4% paraformaldehyde for 30 min, permeabilized in 100% methanol for 10 min at 4 ° C, and blocked in blocking solution consisting of 5% (w/v) BSA, 0.3% (v/v) Triton X in PBS. Between each step, cells were washed 3 times with PBS. Afterwards, the PBEC-containing filters were cut from the Transwell using a razorblade and subsequently incubated overnight at 4 ° C with anti-mouse p50 or anti-rabbit p65 primary antibodies (both Santa Cruz Biotechnology) diluted in blocking solution. Next, filters were washed 3 times in PBS and stained with goat anti-rabbit AlexaFluor 568 or goat anti-mouse AlexaFluor 488 (both Life Technologies), respectively, and DAPI as nuclear staining. Secondary antibodies and DAPI were diluted in blocking solution and incubated in the dark for 30 min at room temperature. Afterwards, the filters were washed 3 times with PBS and mounted on coverslips with Vectashield Hard Set Mounting Medium (Vector Lab, Burlingame, CA, USA). Images were made using a Leica TCS SP5 confocal inverted microscope (Leica Microsystems) and processed using the Leica Application Suite Advanced Fluorescence software (LAS AF; Leica Microsystems).
Data Analysis
Statistical analysis was performed in GraphPad PRISM 6.0 (GraphPad Software Inc., La Jolla, CA, USA). The analysis of differences was conducted with a 1-or 2-way repeated measurements ANOVA and Bonferroni post hoc test and (un)paired Student t test as indicated. Differences were considered significant with p < 0.05.
Results
Lower NTHi-Induced Antibacterial Activity by COPD Airway Epithelial Cells
We first determined the bacterial killing activity of cultured ALI-PBEC from COPD patients and non-COPD (ex-)smokers. ALI-PBEC were first stimulated at the api- 
TCACCCAGGCTGGTTCAGA AGTGGCCAGGGTAGGCTGAT cal surface with UV-inactivated NTHi or PBS (negative control) to investigate microbial exposure-induced and baseline antibacterial activity. At 6 h after stimulation, the apical surface was washed and cells were incubated for an additional 42 h prior to assessment of the antibacterial activity ( Fig. 1 a) . A killing assay was used that allows direct assessment of the antibacterial activity of the airway surface liquid of cultured ALI-PBEC by placing NTHicoated coverslips on the apical surface. Minimal antibacterial activity was seen in control-treated ALI-PBEC from both COPD and non-COPD donors ( Fig. 1 b) . Exposure to NTHi significantly increased the antibacterial activity of non-COPD cultures. In contrast, this increase was not observed in COPD epithelia. These findings suggest that cultured airway epithelial cells from COPD patients have reduced microbial-induced antibacterial activity compared to cell cultures from non-COPD (ex-)smokers.
NTHi-Induced Expression of hBD-2 and S100A7 Is Altered in COPD ALI-PBEC
To investigate the role of AMPs in the reduced antibacterial activity of COPD airway epithelial cells, we examined the expression of microbial-induced AMPs in COPD and non-COPD ALI-PBEC exposed to various concentrations of UV-inactivated NTHi for 24 h. For this analysis we first focused on microbial-induced AMPs that were found to be highly expressed in submerged cultured and undifferentiated PBEC upon exposure to UV-inactivated NTHi, based on a microarray gene expression analysis (see online suppl. Table S1 ; for all online suppl. material, see www.karger.com/doi/10.1159/000455193). These genes included DEFB4 , encoding hBD-2, the antimicrobial chemokine CCL20 , S100A7 , lipocalin 2 ( LCN2 ), and S100A7 [23] [24] [25] [26] . NTHi stimulation induced the expression of all examined genes in both COPD and non-COPD cultures ( Fig. 2 a-d) . However, COPD ALI-PBEC displayed lower NTHi-mediated expression of DEFB4 and S100A7 compared to non-COPD cultures ( Fig. 2 a, b) , whereas LCN2 and CCL20 did not reveal statistically significant differences ( Fig. 2 c, d ). We also did not observe differences in the expression of other AMPs that were not observed in the microarray gene expression analysis (LL-37/CAMP, SLPI, β-defensin 1 and 3 [hBD-1 and hBD-3]; see online suppl. Fig. S1 ). We further analyzed the NTHiinduced protein secretion of hBD-2 and CCL20 in apical washes and basal medium of COPD and non-COPD ALI-PBEC 24 h after stimulation. In contrast to the mRNA expression, we did not detect a difference in hBD-2 peptide release at the apical surface and basal medium between COPD and non-COPD ALI-PBEC ( Fig. 2 e, f) . Moreover, no differences were observed in secretion of CCL20. To explain this discrepancy between hBD-2 mRNA expression and peptide levels, we examined whether the difference in mRNA expression was time dependent. Indeed, in contrast to NTHi-induced mRNA expression at 24 h, we did not detect differences between ( Fig. 3 a-d) . These findings suggest that the attenuated antibacterial defense of COPD airway epithelial cells observed 48 h after microbial stimulation was not accompanied by differences in the early effects of microbial stimuli on AMP expression, but possibly related to the lower expression of hBD-2 and S100A7 in COPD cultures only at later time points.
Cell Differentiation, Barrier Function and Expression of Regulatory Genes Do Not Differ between COPD and Non-COPD ALI-PBEC
We further studied the cause of the impaired expression of AMPs in COPD airway epithelial cells. Previous research has demonstrated a reduced host defense function of airway epithelial cells from severe COPD patients due to impaired cell differentiation [5, 27] . In addition, it was reported that COPD airway epithelial cells display a reduced barrier function [4] . Therefore, we examined cell differentiation and the epithelial barrier integrity of COPD and non-COPD ALI-PBEC. In contrast to previous findings, we did not observe differences in mRNA expression levels of the club cell marker SCGB1A1 , ciliated cell marker FOXJ1 , goblet cell marker MUC5AC , and basal cell marker TP63 ( Fig. 4 a-d) . Moreover, we did not observe differences in the epithelial barrier function between COPD and non-COPD ALI-PBEC, based on TEER measurements ( Fig. 4 e) . Furthermore, COPD ALI-PBEC did not display low TEER values as observed in a previous study [4] . These findings suggest that the altered NTHi- induced antibacterial defense of COPD airway epithelial cells is not caused by impaired cell differentiation or a reduced barrier function. Another possible explanation for the persistence of this difference after prolonged culture could be the presence of epigenetic modifications in the epithelium from COPD patients. These modifications can lead to a variety of changes that may help to explain the observed differences. First, this differential expression might be caused by altered expression of pattern recognition receptors at later time points. It has been shown that NTHi increases the expression of TLR2 [28] , and impairment of this induction in cells from COPD patients can influence late-induced innate immune responses. However, we did not observe differences in TLR2 mRNA expression between COPD and non-COPD cultures (see online suppl. Fig. S2 ). Second, alterations in the negativefeedback loop mechanism of the NF-κB signaling pathway may also result in the impaired expression of AMPs, such as differential expression of micro-RNAs, like mir-147b, the deubiquitinating enzyme/ubiquitin ligase A20, or the transcription factor ATF3 [29] [30] [31] . However, we did not observe differences in the expression of the primary mir147b transcript, and expression of A20 and ATF3 mRNA (see online suppl. Fig. S2 ). This suggests that other mechanisms underlie the altered microbial-induced expression of AMPs in COPD airway epithelial cultures.
CS Differentially Affects the Induction of AMPs and Proinflammatory Mediators in ALI-PBEC
We next set out to investigate the effect of CS exposure on the expression of AMPs and proinflammatory mediators. This was done using a whole CS exposure model in which ALI-PBEC are exposed to mainstream smoke derived from 1 cigarette or AIR as a negative control. The exposure is for a period of 15 min, after which the cells are stimulated with UV-inactivated NTHi for 3, 12, and 24 h. After the indicated time points, mRNA expression was measured by qPCR. Corresponding with earlier reports [12] [13] [14] , CS exposure significantly reduced the NTHi-mediated expression of DEFB4 at 3 and 12 h after exposure ( Fig. 5 a) . This effect was no longer observed at 24 h after exposure. CS also attenuated the NTHi-induced expression of LCN2 , S100A7 , and CCL20 after 3 h ( Fig. 5 bd ). In accordance with preceding studies [14, 15] , we observed a further increase in IL-8 and IL-6 mRNA expression upon CS and NTHi costimulation ( Fig. 5 e, f) . We also found decreased NTHi-induced hBD-2 and CCL20 protein secretion in CS-exposed cultures ( Fig. 5 g, h) , whereas IL-8 secretion was not attenuated and further enhanced ( Fig. 6 i) . Overall, these data demonstrate that CS exposure differentially modulates microbial-induced innate immunity, impairing the induction of AMPs while increasing proinflammatory mediators.
CS Impairs NTHi-Induced Expression of AMPs in Both COPD and Non-COPD ALI-PBEC
Next, we determined the effect of CS on COPD and non-COPD ALI-PBEC. As we observed an acute effect of CS exposure, which was primarily seen at 3 h after exposure, we studied the mRNA expression levels of AMPs at this particular time point. AMP expression was reduced by smoke in both COPD and non-COPD cultures, thus suggesting that the attenuation of AMP expression in our CS exposure model occurs independently of disease status ( Fig. 6 a-d) . We did not observe a significant difference in IL-8 mRNA expression between CS-and NTHiexposed COPD and non-COPD ALI-PBEC ( Fig. 6 e) . This suggests that modulation of the expression of AMPs and proinflammatory mediators by CS occurs to a similar extent in COPD and non-COPD ALI-PBEC cultures.
CS Inhibits NTHi-Mediated Activation of NF-κB but Not MAPK Signaling in ALI-PBEC
We subsequently examined the underlying mechanism of the differential regulation of AMPs and proinflammatory mediators by CS. Microbial-and cytokinemediated expression of AMPs and proinflammatory mediators are regulated in particular by the NF-κB and MAPK (mitogen-activated protein kinase) signaling pathways [16, 17] . Therefore, we examined the effect of CS exposure on NF-κB and MAPK signal transduction in ALI-PBEC. Epithelial cultures were exposed to CS or AIR as the control and subsequently stimulated with UV-inactivated NTHi at the apical surface for 30 min. Activation of NF-κB was determined by assessing the phosphor- Fig. 5 . CS differentially modulates the innate immune gene expression. ALI-PBEC ( n = 7) were exposed to AIR or CS and subsequently stimulated with 1 × 10 9 CFU/mL UV-inactivated NTHi for 3, 12, and 24 h. mRNA expression of DEFB4 ( a ), S100A7 ( b ), LCN2 ( c ), CCL20 ( d ), IL8 ( e ), and IL6 ( f ) was measured by qPCR. Stimulations were performed in duplicate. Data are shown as the fold change in mRNA compared to untreated cells. Assessment of hBD-2 ( g ) secretion in the apical surface liquid and CCL20 ( h ) and IL-8 ( i ) secretion in the basal medium of AIR/CS-exposed ALI-PBEC ( n = 7) stimulated with 1 × 10 9 CFU/mL UV-inactivated NTHi. Stimulations were performed in duplicate. All results are shown as the mean ± SEM. The analysis of differences was conducted with a 1-way ANOVA and Bonferroni post hoc test ( a-f ), and paired t test ( g-i ). * p < 0.05, * * p < 0.01, * * * p < 0.001. ylation of the upstream NF-κB signaling kinases IKKα/β and degradation of the NF-κB inhibitor IκB-α. MAPK signaling was evaluated by assessing the phosphorylation of p38 and ERK1/2. The NTHi stimulation of AIR-exposed cultures resulted in the enhanced activation of NF-κB signal transduction based on the phosphorylation of IKKα/β and degradation of the NFκB inhibitor IκB-α ( Fig. 7 a-c) . In contrast, CS exposure suppressed IKKα/β phosphorylation and IκB-α degradation. Both NTHiand CS-induced phosphorylation of the MAPKs ERK1/2 and p38, and CS exposure did not attenuate the NTHimediated phosphorylation of ERK1/2 and p38 ( Fig. 7 a, d,  e ). These findings demonstrate that CS alters NF-κB and MAPK signaling, which corresponds with the attenuated expression of AMPs and enhanced expression of proinflammatory mediators.
CS Suppresses NF-κB-Mediated Transcriptional Activity
To further assess whether alterations in NF-κB signaling correspond with reduced AMP expression, we investigated the nuclear translocation of NF-κB and transcription of early induced target genes. In agreement with impaired IκB-α degradation, CS inhibited nuclear translocation of the p50 and p65 NF-κB subunit, as shown by immunofluorescence staining and analysis of isolated nuclear fractions ( Fig. 8 a-c) . To validate whether this reduced nuclear localization impaired NF-κB-mediated transcription, we examined the expression of early induced NF-κB-target genes, including the negative feedback regulators NFKBIA and ZC3H12A [32] , and NFK-BIZ , which represent an essential cotranscription factor required for AMP expression [33] . Moreover, the induc- 6 . Suppression of AMPs by CS in both COPD and non-COPD ALI-PBEC. COPD (gray bars, n = 12 patients) and non-COPD (white bars, n = 8 patients) ALI-PBEC were exposure to AIR or CS and subsequently stimulated with 1 × 10 9 CFU/mL UV-inactivated NTHi for 3 h. mRNA expression of DEFB4 ( a ), S100A7 ( b ), LCN2 ( c ), CCL20 ( d ), and IL8 ( e ) was determined by qPCR. Stimulations were performed in duplicate. Data are shown as the fold change in mRNA compared to untreated cells and depicted as the mean ± SEM. The analysis of differences was conducted with a paired t test. * p < 0.05, * * p < 0.01, * * * * p < 0.0001. tion of MAPK-regulated early induced target genes and AP-1 transcription factors FOS , JUN , and FOSL1 [34] was determined. CS exposure attenuated the NTHi-induced expression of NFKBIZ and NFKBIA at 60 and 120 min after stimulation, whereas induction of ZC3H12A was impaired at 120 min ( Fig. 8 d) . In contrast, CS exposure further increased the induction of FOS at 60 and 120 min, and JUN and FOSL1 expression after 120 min of stimulation ( Fig. 8 e) . Overall, these observations demonstrate the selective attenuation of NF-κB-mediated transcriptional activity by CS, which reflects an impaired expression of AMPs.
Discussion
In this study we have provided evidence that the antibacterial defense of airway epithelial cells from COPD patients is decreased compared to non-COPD (ex-)smokers. In addition, we have shown that the impairment of microbial-induced expression of AMPs by CS exposure may be related to the inhibition of NF-κB activation. The persistence of proinflammatory responses to microbial stimulation in the presence of CS may be explained by enhanced MAPK signaling.
In contrast to the impaired antibacterial activity of cystic fibrosis airway epithelial cells at steady-state conditions [35, 36] , COPD cultures only display an attenuated antibacterial activity upon microbial stimulation, suggesting that the induction of antibacterial factors is impaired. Indeed, a previous study reported lower hBD-2 expression in airway epithelial tissues from COPD patients compared to non-COPD (ex-)smokers [10] . In line with this study, we detected lowered NTHi-mediated expression of hBD-2/ DEFB4 mRNA expression in cultured COPD airway epithelia. In addition, we also observed lower NTHi-induced S100A7 mRNA by COPD epithelial cultures. In contrast to hBD-2, S100A7 displays antibacterial activity by impairing bacterial acquisition of zinc [25] , which suggests that the expression of AMPs with different modes of action is affected in COPD. In contrast to the differential regulation of DEFB4 at 24 h after NTHi stimulation, we did not observe differences in mRNA levels at earlier time points and protein secretion at 24 h. This suggests that COPD and non-COPD airway epithelial cells differ in late-induced mRNA expression.
It has been shown that ALI-PBEC cultures from severe COPD patients display impaired epithelial differentiation and epithelial barrier integrity, which causes an impaired host defense [4, 5, 27] . However, we did not observe differences in the mRNA expression of cell differentiation markers and the epithelial barrier function. It is therefore unlikely that altered epithelial differentiation is the underlying cause for the impaired antibacterial activity of COPD cultures observed in this study. In contrast to the airway epithelial cell cultures from mild-to-moderate COPD patients used in this study, impaired epithelial differentiation in severe COPD may have an additional impact on antibacterial host defense. Impaired differentiation may, for example, lead to a loss of CFTR expression, which in turn may result in impaired activity of AMPs in the airway surface liquid [37] .
We further hypothesized that the differences in lateinduced mRNA expression between COPD and non-COPD airway epithelial cells might be caused by the differential expression of second messengers, posttranscriptional and/or posttranslational mechanisms influencing these late-induced responses. TLR2, pri-mir-147b, A20, and ATF3 are known regulators of microbial-induced innate immune responses that might be affected in COPD cultures and thereby explain the impaired antibacterial defense. Despite of this, we did not observe differences in the NTHi-induced mRNA expression of these regulators.
Differences in the antibacterial activity between COPD and non-COPD cell cultures were determined with an assay previously used to assess the antibacterial activity of cystic fibrosis airway epithelial cell cultures [21, 36] . Conventional killing assays rely on the collection of apical washes or inoculation of bacteria to the apical surface that may, respectively, result in the selective collection of antimicrobial substances and dilution or modulation of the physiological conditions of the apical surface liquid. This could have a major influence on determining the antibacterial activity of epithelial cells, and the assay used in the present study is not affected by these factors.
Although it is tempting to speculate that a reduced antibacterial activity of COPD airway epithelial cells is due to a reduced expression of DEFB4 and S100A7 , a clear link between these findings is missing. Indeed, other antibacterial defense mechanisms may also be affected in the epithelium of COPD patients, and contribute to the reduced antibacterial activity. In addition to various AMPs, antimicrobial lipids and reactive oxygen species also contribute to the bacterial killing activity of the airway epithelium [38, 39] . Moreover, lower antimicrobial activity might also result from other alterations in the airway surface liquid, such as a reduced pH, and the presence of mucins, F-actin, and proteoglycans [21, [40] [41] [42] [43] [44] . Therefore, we cannot exclude that changes in the presence or activity of other antibacterial mediators and changes in the composition of the airway surface liquid also contributed to the reduced antibacterial activity of the COPD airway epithelial cells.
In line with previous studies demonstrating reduced antibacterial activity and inhibition of hBD-2 expression caused by CS [12] [13] [14] , we showed that the expression of S100A7 , LCN2 , and CCL20 was also inhibited in CS-exposed COPD and non-COPD cultures. In contrast to AMPs, we showed increased NTHi-induced expression of IL-8 and IL-6 upon CS exposure. This further demonstrates that AMPs and proinflammatory mediators are differentially regulated in airway epithelial cells. The modulation of innate immune responses by CS was primarily observed 3 h after exposure, which is in line with the transient effect of the acute exposure [14] .
Our study has several limitations. Our findings are limited to the acute effects of microbes and CS on airway epithelial innate immune responses, and chronic exposures of airway epithelial cells to both NTHi and CS may cause different effects. Moreover, differences in the smoking status of both COPD and non-COPD subjects may Fig. 8 . CS impairs NF-κB transcriptional activity by ALI-PBEC. ALI-PBEC were left untreated or exposed to AIR or CS and stimulated with UV-inactivated NTHi for 1 h. a Cellular localization of the NF-κB subunits p50 and p65 was determined by immunofluorescence microscopy. The data shown represent n = 3 independent donors. b ALI-PBEC ( n = 4) were exposed to AIR or CS and stimulated with 1 × 10 9 CFU/mL UV-inactivated NTHi for 1 h. Protein expression of p50 and p65 was measured in isolated nuclear extracts. c The data were quantified by densitometry. ALI-PBEC were unstimulated or exposed to AIR or CS and stimulated with 1 × 10 9 CFU/ml UV-inactivated NTHi for 1 h. ALI-PBEC ( n = 4) were exposed to AIR or CS and subsequently stimulated with 1 × 10 9 CFU/mL UV-inactivated NTHi for 5, 15, 30, 60, and 120 min. mRNA expression of early induced NF-κB target genes NFKBIA , ZC3H12A , and NFKBIZ ( d ), and early induced MAPK-target genes JUN , FOS , and FOSL1 ( e ), was determined by qPCR. Data are shown as the fold change in mRNA compared to AIR-exposed cells. All results are shown as the mean ± SEM. Analysis of differences was conducted with a paired t test ( c ) and 2-way ANOVA with Bonferroni post hoc test ( d , e ). Significant differences compared to AIR: * p < 0.05, * * p < 0.01, * * * p < 0.001. Significant differences compared to CS+NTHi: ## p < 0.01, ### p < 0.001. have an influence on our findings. Current and ex-smokers were both included in the COPD and non-COPD group; however, we only have limited information about pack years smoked, for example. Further research regarding the influence of smoking status is therefore needed. To assess whether alterations in AMPs and proinflammatory mediator expression are reflected by changes in cellular signal transduction pathways, we examined the effect of CS on NF-κB and MAPK signaling. Whereas CS increased MAPK signaling, it reduced NTHi-induced NF-κB signal transduction. NTHi-induced activation of MAPK and NF-κB is mediated by the common upstream signaling kinase TAK1, which directly phosphorylates IKKα/β [45] . Therefore, we speculate that CS causes selective suppression of NF-κB signaling by directly modulating IKKα/β phosphorylation, rather than affecting TAK1 or more upstream signaling components (see online suppl. Fig. S3 ). This appears in contrast to some studies that have reported increased NF-κB activation in COPD lung tissue [46] [47] [48] . However, this is not observed in all studies and it has been suggested that NF-κB signaling may not contribute to COPD pathogenesis [49] . Furthermore, our results are also in line with those of a study showing that long-term passive CS exposure inhibits UVB-induced NF-κB signaling in the skin [50] , and with earlier reports showing impaired IKKα/β phosphorylation and kinase activity caused by posttranslational modifications, mediated for instance by oxidative stress [51, 52] . Previous studies demonstrated the importance of NF-κB in both microbial-induced hBD-2 and IL-8 by airway epithelial cells. However, our findings suggest a more fundamental role of NF-κB in the antibacterial defense, whereas induction of IL-8 and IL-6 persisted independent of NF-κB. Restoration of NF-κB signaling may therefore improve the airway epithelial antibacterial defense in smokers. However, further research is required to study this.
As also discussed in the previous section, the role of NF-κB in COPD remains a matter of debate since inflammation in COPD may occur independent of NF-κB [49] . Based on our findings, it can be speculated that MAPK signaling has a more prominent role in CS-induced airway epithelial inflammatory responses than NF-κB. This is further supported by findings from a recent study examining ozone-induced proinflammatory responses by differentiated airway epithelial cells, revealing the MAPKdependent and NF-κB-independent induction of inflammatory mediators [53] .
Our study focused on airway epithelial responses to NTHi because of the critical role of this microbe in COPD pathogenesis [54] . However, multiple respiratory pathogens are often isolated from the airways of COPD patients and these microorganisms may affect epithelial cell function in a different way than NTHi. In recent years there has been an increased awareness of the role of the microbiome in COPD development and progression [55] . CSinduced changes in airway epithelial defense may affect the composition of this microbiome, and its altered composition may contribute to COPD development and progression. We reported in a previous study that CS exposure increased the expression of the antimicrobial protein RNase 7 in ALI-PBEC cultures [14] . This raises the possibility that, in addition to a selective downregulation of microbial-induced AMPs, the expression of other AMPs might be increased by smoke exposure. These and other changes in airway epithelial defense may contribute to changes in the microbiome. However, further research is needed to study the role of AMPs in regulating the airway microbiome in COPD.
In conclusion, our findings demonstrate that cultured airway epithelial cells from COPD patients have reduced antibacterial activity. Moreover, we observed an imbalance between the protective antibacterial defense and destructive inflammatory innate immune response of airway epithelial cells from COPD patients in response to CS. This imbalance explains in part the enhanced bacterial burden and increased lung inflammation observed in COPD development and progression. Therefore, application of exogenous AMPs to compensate for the loss of AMPs might have therapeutic potential in COPD [56] . Furthermore, the differential regulation of AMPs and proinflammatory mediators at the signal transduction level suggests that selective therapeutic targeting of airway inflammation, without affecting the beneficial antibacterial defense, might be possible.
